INTRODUCTION {#s0}
============

After ingestion from contaminated food or water, Salmonella enterica serovar Typhimurium passes through the stomach and is taken up across the intestinal epithelium. Subsequently, *Salmonella* resides in an acidic vacuole, which it modifies to prevent phagosome-lysosome fusion and elimination ([@B1]). A specialized type three secretory system, encoded on *Salmonella* pathogenicity island 2 (SPI-2), is induced by the acid pH of the vacuole, driving secretion of bacterial factors that modify host functions ([@B2]). Thus, through its secreted virulence factors (referred to as effectors), *Salmonella* can survive and replicate inside cells and eventually is disseminated to the liver and spleen. Intracellular survival of *Salmonella* is promoted through the concerted action of SifA (*Salmonella*-induced filaments \[SIFs\]) and its counter effector SseJ ([@B3][@B4][@B5]). Formation of SIFs is not well understood, due in part to the limitations of imaging. In the present work, we used superresolution imaging to visualize the secreted effector SseJ during infection and discovered that *in vivo* forces transmitted by the motor protein kinesin are involved in endosomal trafficking induced by *Salmonella*.

Superresolution microscopy allows visualization of biological structures at scales far below the diffraction limit of light ([@B6]). We applied single-molecule localization microscopy (SMLM) ([@B7]) to visualize the virulence factor SseJ in the host cytosol after *Salmonella* infection. A limitation of previous studies is that they examined effectors overexpressed in the cytoplasm of tissue culture cells ([@B5], [@B8][@B9][@B10]). In the present work, we visualize SseJ using superresolution imaging upon its secretion from the bacterial SPI-2 type three secretion system. We examined the distribution of SseJ with respect to the late endosomal marker LAMP-1, tubulin, or kinesin, using two-color superresolution imaging. Our results indicate that SseJ clustering appears to be an event driven by the pearling transition, and clusters are exquisitely sensitive to fixation.

The pearling transition or instability is a sequential beading of tubular vesicles, first observed in preparations of endoplasmic reticulum (ER) membranes that were shown to be sensitive to hypotonic solutions ([@B11]). Pearling can also be driven by high osmolality ([@B12], [@B13]). Axons were reshaped during osmotic shock ([@B14]), and theoretical biophysical models describing membrane tubulation were developed ([@B15]). Previous microscopy studies of *Salmonella* secreted effectors used 4% paraformaldehyde (PFA) at high osmolality (748 mosmol/kg) for fixation ([@B16]). In the present work, we show that under low-osmolality fixation conditions (0.2% glutaraldehyde \[GA\], 282 mosmol/kg), which preserve the structure of microtubules, pearls of SseJ are no longer evident. Instead, SseJ is visible as a continuous filament. Thus, the view of endosomal tubulation needs revision, based on fixation conditions that preserve tubular structures. The pearling transition also reveals a force-dependent process that drives endosomal tubulation, and here we identify kinesin as the motor that supplies this force ([@B17]).

RESULTS {#s1}
=======

Visualizing a secreted virulence factor by superresolution imaging. {#s1.1}
-------------------------------------------------------------------

In the past, effector proteins have been visualized after overexpression in the host cytoplasm in the absence of the pathogen and in isolation from other virulence factors ([@B5], [@B8][@B9][@B10]). Confocal microscopy was generally employed for this analysis. We constructed a *Salmonella* strain expressing an SseJ-hemagglutinin (HA) tag and demonstrated that this strain was competent for SPI-2-dependent SseJ secretion ([@B2]). We then used this strain to infect HeLa cells (see Materials and Methods). At 10 and 12 h postinfection, we fixed the cells with paraformaldehyde (PFA) and performed superresolution imaging ([Fig. 1](#fig1){ref-type="fig"}). SseJ-HA (red) was readily apparent as a mixture of regular, periodic clusters ([Fig. 1a](#fig1){ref-type="fig"}, [ii](#fig1){ref-type="fig"} and [iii](#fig1){ref-type="fig"}) and as filamentous structures ([Fig. 1b](#fig1){ref-type="fig"}, [ii](#fig1){ref-type="fig"} and [iii](#fig1){ref-type="fig"}). *Salmonella*-induced filaments form because *Salmonella*-secreted effectors coopt LAMP-1-positive endosomes to form long, fused tubules. It is hypothesized that endosomal tubulation provides membrane and nutrients for the expanding vacuole, allowing *Salmonella* to replicate inside the vacuole during infection.

![Distribution of *Salmonella* effector protein SseJ-HA and LAMP-1 in PFA-fixed HeLa cells. (a) Dual-color *d*STORM image of an infected cell, 10 h after invasion. Both filamentous (ii) and vesicular (iii) structures of SseJ-HA (red) that colocalize with the host cell protein LAMP-1 (green) are observed. Host nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). (b) Dual-color *d*STORM image of an infected HeLa cell, 12 h after invasion, highlighting the appearance of filamentous structures (ii and iii) as well as clusters of SseJ (iv). Bars, 2 μm (ai and bi) and 1 μm (aii, aiii, and bii to iv).](mbo0031839440001){#fig1}

SseJ forms clusters in the host cytoplasm. {#s1.2}
------------------------------------------

SseJ-HA formed uniform clusters that were apparent as ringlike structures that colocalized with LAMP-1 ([Fig. 1](#fig1){ref-type="fig"}). Analysis of the SseJ clusters revealed that they were periodic, with an average spacing between \~1 and 2 μm, and of a uniform size ranging from 200 to 400 nm ([Fig. 2](#fig2){ref-type="fig"}). A closeup of LAMP-1 endosomes clearly indicated that SseJ and LAMP-1 were colocalized ([Fig. 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). The regular spacing of SseJ clusters led us to probe the molecular mechanism leading to cluster periodicity.

![Clusters of SseJ appear regular in size and are periodically spaced. (a) Representative *d*STORM image of a HeLa cell infected with *Salmonella* 10 h postinfection. After infection, HeLa cells were fixed with PFA and labeled with SseJ-HA (red) and LAMP-1 (green), and DNA (*Salmonella* nucleoids) was labeled with DAPI (blue). SseJ clusters appear as pearls on a string (indicated by dashed lines) with a typical spacing of 1 to 2 μm. The straightened course and respective intensity profiles and the distances between clusters along the dashed lines are shown on the right (panels 1 and 2). a.u., arbitrary units. (b) The cluster spacing did not change over time during *Salmonella* infection. The data points represent single cluster distances, while the boxes show the percentiles, the horizontal lines represent the medians, the empty squares are the mean values, and the whiskers are the standard deviations. For each time point, 4 to 5 cells from two independent infections were analyzed, resulting in 59 to 94 individual spacings from 11 to 20 pearls-on-a-string structures. The mean clusters of the centroid distances were determined to be 1.18 ± 0.04 μm (standard error of the mean) (6 h, *n* = 68), 1.19 ± 0.04 μm (8 h, *n* = 68), 1.09 ± 0.04 μm (10 h, *n* = 94), and 1.29 ± 0.06 μm (12 h, *n* = 59). Bar, 3 μm.](mbo0031839440002){#fig2}

SseJ colocalizes with tubulin. {#s1.3}
------------------------------

We imaged SseJ together with β-tubulin, which forms continuous filaments with a defined width of \~25 nm ([Fig. 3](#fig3){ref-type="fig"}). SseJ clusters were evident at regular intervals along the microtubules and were similar in size and spacing to the LAMP-1-colocalized clusters shown in [Fig. 2](#fig2){ref-type="fig"}. However, it was apparent that the microtubules were disrupted and were not well preserved. Structural preservation of microtubules depends on the fixative, and they are better preserved in glutaraldehyde (GA) than in paraformaldehyde (PFA) ([@B18]). We thus questioned whether SseJ clusters were a result of fixation conditions that disrupted the endosomal tubules.

![SseJ colocalizes with tubulin. (a) Dual-color *d*STORM image of an infected HeLa cell (8 h postinfection), fixed with PFA and stained for SseJ (red) and tubulin (green). (b and c) Magnified view of the boxed region in panel a shows that SseJ is mainly found in small clusters adjacent to tubulin filaments (white arrows indicate close proximity \[c\]). Bars, 2 μm (a) and 1 μm (b and c).](mbo0031839440003){#fig3}

SIFs are also subject to fixation conditions. {#s1.4}
---------------------------------------------

We repeated *Salmonella* infections and employed GA fixation conditions to image SseJ ([@B18]). Interestingly, GA fixation altered the pattern of SseJ, in which continuous filaments were now evident, with a uniform distribution of SseJ along the filaments ([Fig. 4a](#fig4){ref-type="fig"}; see also [Fig. S1](#figS1){ref-type="supplementary-material"} and [S2](#figS2){ref-type="supplementary-material"} in the supplemental material). These filamentous tubules had a diameter of 157 ± 3 nm ([Fig. 4b](#fig4){ref-type="fig"}, [c](#fig4){ref-type="fig"}, and [d](#fig4){ref-type="fig"}), similar to tubular structures visualized by electron microscopy (EM) ([@B19]). This result suggested that the clusters of SseJ observed in the PFA-fixed cells ([Fig. 1](#fig1){ref-type="fig"} to [3](#fig3){ref-type="fig"}) were not representative of native structures and that the native structures were disrupted by fixation. It is worth emphasizing here that in the present study, we analyzed *Salmonella*-expressed effector proteins directly after secretion, rather than overexpressing effector proteins in the host cytoplasm.
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SseJ and LAMP-1 colocalize on SIFs. (a and b) Superresolution images of HeLa cells 12 h after fixation and fixed using the tubulin-conserving GA fixation protocol: SseJ-HA (red), LAMP-1 (green), and DAPI (blue). Panels on the right show magnified regions (yellow boxes). Both SseJ-HA and LAMP-1 are localized around the *Salmonella*-containing vacuole and SIF membranes. Bars, 3 μm (large images) and 0.5 μm (panels). Download FIG S1, PDF file, 1.1 MB.

This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply.

10.1128/mBio.01083-18.2

Confocal images of infected HeLa cells (12 h after invasion) fixed using either PFA (upper panel) or GA (lower panel). With PFA fixation, tubulin (green) is not well preserved and SseJ appears as both clusters and filaments (top panel). GA fixation preserves the tubulin structure, and SseJ appears only in filaments (bottom panel). Bars, 5 μm. Download FIG S2, PDF file, 2.1 MB.

This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply.

![SseJ appears as continuous filaments in GA-fixed cells. (a) Representative image of a HeLa cell infected with *Salmonella* (12 h after invasion), fixed with GA, and stained for SseJ-HA (red) and host and *Salmonella* DNA (blue). Dashed lines indicate the cell boundaries. (b) A magnified view of the boxed region in panel a shows SIFs. (c) The cross-sectional intensity profile of the two filaments shown in panel b reveals SIF diameters of 150 to 160 nm. (d) Distribution of measured SIF diameters. Data points represent single diameters, while the boxes show the percentiles, the horizontal line shows the median, the asterisk shows the mean value, and whiskers show the standard deviations. Six cells from three independent infections were analyzed, resulting in 34 cross-sectional diameters from 23 individual SIFs. The mean diameter was determined to be 157 ± 3 nm. Bars, 2 μm (a) and 0.5 μm (b).](mbo0031839440004){#fig4}

The pearling transition drives SseJ clustering. {#s1.5}
-----------------------------------------------

Membranes under tension can undergo an instability known as the pearling transition, induced by hypotonic buffer exchange and leading to the formation of beadlike structures of similar size and regular spacing ([@B11]). While the first report described the pearling effect during hypotonic buffer exchange ([@B11]), we observed the formation of regularly spaced SseJ clusters after an osmotic upshift ([Fig. 1](#fig1){ref-type="fig"} to [3](#fig3){ref-type="fig"}, [S1](#figS1){ref-type="supplementary-material"}, and [S2](#figS2){ref-type="supplementary-material"}). Similar effects were also reported for lipid vesicles ([@B12], [@B13], [@B20]). In HeLa cells infected with *Salmonella* and fixed with PFA, we observed periodic spacing and a uniform cluster size of SseJ ([Fig. 1](#fig1){ref-type="fig"}[--](#fig2){ref-type="fig"}[3](#fig3){ref-type="fig"}). Surprisingly, these clusters were absent in cells fixed with GA ([Fig. 4](#fig4){ref-type="fig"}). We interpret this altered appearance as a pearling effect induced by the differing osmolality of the fixation buffers (748 mosmol/kg in PFA compared to 282 mosmol/kg in GA). However, in order for a pearling effect to occur, a force is required that exerts a tension on the *Salmonella* filaments experienced by SseJ.

Kinesin supplies the motor force that drives pearling as well as endosomal tubulation. {#s1.6}
--------------------------------------------------------------------------------------

*Salmonella*-secreted effector SifA was reported to interact with kinesin-1 through an adapter protein, SKIP ([@B17]). Because of the close proximity of SseJ and tubulin ([Fig. 3](#fig3){ref-type="fig"} and [S2](#figS2){ref-type="supplementary-material"}), we speculated that kinesin might also be closely associated with SseJ. We performed spinning-disk structured illumination microscopy (SIM) ([@B21]) and examined the pattern of kinesin and SseJ ([Fig. 5](#fig5){ref-type="fig"}). Kinesin was present at high density throughout the cytoplasm, and SseJ appeared in close proximity to kinesin. In order to determine whether these two proteins were colocalized, we modified Manders colocalization analysis ([@B22]) for dense protein patterns (see Materials and Methods for a detailed description) and obtained strong evidence of positive colocalization ([Fig. 5b](#fig5){ref-type="fig"}). In contrast, a mock infection provided the background for the absence of an SseJ-kinesin interaction ([Fig. 5b](#fig5){ref-type="fig"}). Further evidence supporting a kinesin-SseJ interaction was provided by similar analysis in a mutant strain lacking *sifA*, the partner effector of SseJ. In this background, SseJ surrounded the vacuole, since the absence of *Salmonella*-induced filaments did not enable SseJ trafficking ([Fig. S3](#figS3){ref-type="supplementary-material"}). Because SseJ and kinesin were colocalized ([Fig. 5](#fig5){ref-type="fig"}), and SseJ was sensitive to osmolality-induced pearling, we propose that kinesin exerts an indirect force on SseJ located on endosomal tubules. This is likely a weak interaction, i.e., one that is easily disrupted by fixation, since SseJ colocalization with kinesin has not been previously observed.
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*Salmonella*-containing vacuoles infected with a strain lacking *sifA* (Δ*sifA*) show membrane rupture. (a and b) Dual-color *d*STORM images of two representative, infected HeLa cells (12 h after invasion) infected with *Salmonella* lacking *sifA*. Cells were fixed with PFA and labeled for SseJ-HA (red), LAMP-1 (green), and DNA (blue). (i) Overview image with cell outline indicated with dashed white lines. (ii and iii) Magnified regions of panel i (boxed squares). Bars, 2 μm (i) and 1 μm (ii and iii). Download FIG S3, PDF file, 0.5 MB.

This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply.

![Kinesin-1 colocalizes with SseJ clusters in PFA-fixed cells. (a) (i) Dual-color spinning-disk SIM image of an infected HeLa cell, 12 h after invasion, fixed in PFA and stained for SseJ-HA (red) and kinesin (green). (ii and iii) Magnified view of SseJ-HA structures and kinesin of the boxed region in panel i (arrows \[iii\] indicate colocalization). Bars, 5 μm (i) and 1 μm (ii and iii). (b) Colocalization analysis was performed by calculating the Manders M1 coefficient (kinesin colocalizing with SseJ) for the original dual-color image (*x* = *y* = 0) and for control images generated by translating the spectral channels with respect to each other in *x* and *y* directions (see Materials and Methods). This analysis generates a colocalization map, with a peak intensity at *x* = *y* = 0 indicating true colocalization (left diagram, *n* = 5 cells). Colocalization analysis of mock-infected cells (right diagram, *n* = 5 cells) stained for kinesin and SseJ-HA showed no peak intensity at *x* = *y* = 0, indicating that there was no colocalization of nonspecifically bound anti-HA antibodies and kinesin. The same color map scaling was used for comparison. px, pixels.](mbo0031839440005){#fig5}

DISCUSSION {#s2}
==========

Pearling appears as a finite-amplitude, peristaltic modulation of a cylinder, characterized by a well-defined wavelength. Isolated spherical pearls of clustered LAMP-1-positive SIFs drive clustering of SseJ molecules. Pearling occurs predominantly in thinner tubes ([@B23]), which may explain why pearls were not observed at later times during infection. As the SIFs elongate, thicken, and morph into a double-membrane tubule, SseJ distribution also becomes filamentous (compare [Fig. 1a](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} with [1b](#fig1){ref-type="fig"}). Membrane tension, which initiates the instability, is often induced by elongation ([@B23]), which in this case is driven through contacts via SseJ and kinesin to microtubules. Although a direct interaction of SifA and SseJ has not been demonstrated ([@B5]), both SseJ and SifA are known to interact with RhoA ([@B24]). Thus, RhoA may be the adapter that links SseJ with SifA and SKIP to kinesin. In the *sifA* deletion strain, SIFs are absent and SseJ remains associated with the vacuole (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material).

A diagram of the events involved in SseJ clustering is provided in [Fig. 6](#fig6){ref-type="fig"}. When *Salmonella* resides in the vacuole, the sensor kinase EnvZ senses the acidic environment and drives OmpR-dependent acidification to pH 5.6 ([@B2], [@B25]). This leads to the upregulation of the SsrA/B two-component system located on SPI-2, and SsrB binding to DNA increases by 50%, driving the expression of SPI-2 type three secretion structural genes and effectors (A. Liew et al., submitted for publication) ([Fig. 6](#fig6){ref-type="fig"}, top). Kinesin interacts with a complex of SKIP, SifA, and SseJ, pulling the vacuolar membrane along microtubules and incorporating LAMP-1 endosomes into the SIFs. Under PFA fixation conditions, SseJ is observed as regularly spaced clusters at fixed intervals. At lower osmolality, pearling does not occur and SseJ is continuously observed all along the SIFs.

![Summary of SPI-2 secretion and endosomal tubule (SIF) formation. (Top) *Salmonella* is shown in an acidic vacuole. EnvZ sensing and upregulation of the SsrA/B system occur upon acidification of the *Salmonella* cytoplasm ([@B2], [@B25]). (Bottom) Secretion of effectors SifA and SseJ leads to SseJ clustering (in the case of PFA fixation) on the outside of SIFs and colocalization with tubulin. Clustering is driven by the motor protein kinesin, which is colocalized with SseJ. In the absence of SifA, SseJ surrounds the vacuole and destabilizes it (top panel).](mbo0031839440006){#fig6}

In summary, the pearling transition or instability, which is a sequential beading of tubular vesicles, can be exploited for understanding the mechanism of how *Salmonella*-induced filaments form. In the present work, we demonstrate that SseJ is subject to the pearling instability; at high osmolality, it appears as periodic clusters of uniform size ([Fig. 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). During fixation at low osmolality, in which microtubule structures are preserved, pearls of SseJ are no longer evident; instead, SseJ is visible as a continuous filament ([Fig. 4](#fig4){ref-type="fig"}). The pearling transition reveals a force-dependent process that drives endosomal tubulation, and here we identify kinesin as the motor that supplies this force.

MATERIALS AND METHODS {#s3}
=====================

Bacterial strains and culture conditions. {#s3.1}
-----------------------------------------

Salmonella enterica serovar Typhimurium strain NCTC12023 was the wild-type strain, and various isogenic mutants are described in the text. Bacteria were grown overnight in LB broth at 37°C with shaking.

Mammalian cell culture and host cell infection. {#s3.2}
-----------------------------------------------

The nonpolarized human epithelial cell line HeLa (American Type Culture Collection; ATCC CCL-2) was used for *Salmonella* infections. HeLa cells were maintained in high-glucose (4.5-g/liter) Dulbecco's modified Eagle's medium (DMEM) containing glutamine and pyruvate (Thermo Fisher) and supplemented with 10% inactivated fetal bovine serum (FBS; Thermo Fisher) at 37°C and antibiotics (antibiotic-antimycotic final 5× stock; Thermo Fisher) in a humidified 5% CO~2~ incubator. The cells were gently trypsinized with Accutase (StemPro Accutase; Thermo Fisher), and \~2 × 10^4^ cells were seeded in an 8-chambered slide with a glass bottom from Sarstedt (Germany) and allowed to grow 24 h before infection.

Infections. {#s3.3}
-----------

*S.* Typhimurium was cultured overnight in standard LB broth. Overnight cultures were subcultured in 3 ml LB for 3.5 to 4 h (optical density at 600 nm \[OD~600~\], \~2-3). The cultures were then diluted to an OD~600~ of 0.2. HeLa cells were infected with a multiplicity of infection (MOI) of 100:1 (bacteria/HeLa cell) and bacteria were internalized for 30 min. Subsequently, the remaining extracellular bacteria were removed by washing the cells three times in Dulbecco's phosphate-buffered saline (DPBS), followed by incubation with 100 μg/ml of gentamicin for 1 h in DMEM with 10% FBS. The cells were again washed three times with DPBS and further incubated in DMEM with 10% FBS and gentamicin (10 μg/ml) for the rest of the infection. Cells were fixed for imaging at different time points postinfection as described below.

Cell fixation. {#s3.4}
--------------

Cells were fixed using 200 μl of methanol-free 4% PFA (electron microscopy \[EM\] grade; TaKaRa) in PBS. Cells were fixed for 10 min, washed twice with PBS, and resuspended in 300 μl PBS. For tubulin-conserving fixation, cells were extracted for 1 min using a microtubule-stabilizing buffer (MTSB) containing 80 mM PIPES \[piperazine-*N*,*N*′-bis(2-ethanesulfonic acid)\], pH 6.8, 1 mM MgCl~2~, 5 mM EGTA, and 0.5% Triton X-100. The buffer was exchanged with MTSB containing 0.2% GA, and cells were fixed for 10 min at room temperature (RT). Excess GA was quenched for 6 min using 0.2% sodium borohydrate in PBS, which was freshly prepared directly before use. After several washes with PBS, cells were processed for immunostaining.

Immunostaining. {#s3.5}
---------------

Primary antibody solution (200 μl) was added to each chamber, followed by a 1-h incubation at RT. The antibody solution is a PBS-based buffer containing 5% bovine serum albumin (BSA) and 0.1% saponin. For the staining of secreted SseJ, the rabbit/mouse anti-HA primary antibody (Sigma; H6908 and H9658) was used (rabbit, 1:500 dilution, and mouse, 1:300 dilution). Rabbit monoclonal anti-KIF5B (Abcam catalog no. ab167429) was used for kinesin, and a monoclonal mouse anti-LAMP-1 primary antibody (Santa Cruz Biotechnology; clone H4A3, 0.4 μg/ml) was used for LAMP-1. The antibody solution was removed, and cells were gently washed three times with PBS containing 0.1% Tween 20. Secondary antibody (donkey anti-rabbit 647 \[Thermo Fisher catalog no. A-31573\], goat anti-rabbit 488 \[catalog no. A-11034\], goat anti-mouse 568 \[catalog no. A11004\], and goat anti-mouse AF532 \[catalog no. A-11002\], 2 μg/ml) diluted at 1:500 in PBS-BSA-saponin buffer (see above) was subsequently added for 1 h at room temperature in the dark. After three washing steps (see above), 4′,6-diamidino-2-phenylindole (DAPI; 600 nM in PBS) solutions were applied for 10 min to stain HeLa cell and *Salmonella* DNA. After completed staining, Tetraspeck FluoSpheres (Thermo Fisher; 1:500 in PBS) or gold nanorods (Nanopartz; 25 by 65 nm; catalog no. C12-25-650-TNHS; 1:500 in PBS) were added to the sample for 10 min. Nonadhered beads were washed off gently using PBS. The cells were stored in PBS in the dark at 4°C.

Confocal laser scanning microscopy. {#s3.6}
-----------------------------------

Confocal imaging was performed on a commercial microscope (LSM 710; Zeiss, Germany) equipped with a Plan-Apo 63× oil objective (1.4 numerical aperture \[NA\]; Zeiss). Alexa Fluor 647 was imaged using 633-nm excitation. Alexa Fluor 532 was imaged using a 532-nm laser line of an external argon-ion laser (LGN3001; Lasos Lasertechnik GmbH, Germany). DAPI was imaged with 405-nm UV-light excitation (Coherent Cube 405-100C; Coherent, USA), coupled into the microscope via an optical fiber. Filter sets were selected to match the excitation and emission properties of the fluorophores. Images were recorded in sequential mode using a pixel size of 100 nm and 2× line averaging.

SMLM imaging. {#s3.7}
-------------

*d*STORM measurements were carried out on a home-built microscope as described previously ([@B26]), using dichroic mirrors (HC Quad 410/504/582/669 or HC Dualband 560/659, both from Semrock) and emission filters (700/75 ET band-pass or 570/60 ET band-pass, both from Chroma) adapted for single-molecule imaging of Alexa Fluor 647 and Alexa Fluor 532. Images were recorded with an electron-multiplying--charge-coupled device (EMCCD) camera (iXon Ultra, DU-897U-CS0-\#BV; Andor Technology), using the following settings: 10-MHz readout frequency, a preamplifier gain of 3, an electron-multiplying gain of 200, and a frame rate of 33 Hz. An imaging buffer (100 mM Tris, pH 8.5, 100 mM 2-mercaptoethylamine hydrochloride \[MEA; Sigma-Aldrich\], and 10 mM NaCl) was prepared freshly prior to SMLM imaging. At first, the DAPI signal was recorded using 405-nm laser excitation (50 camera frames). *d*STORM imaging of Alexa Fluor 647 was subsequently performed using the 647-nm laser line of a Coherent Innova 70C Spectrum multiline Ar/Kr mixed-gas laser (2.5 W; Coherent) at 3 kW/cm^2^ and low UV excitation densities (up to 10 W/cm^2^) for fluorophore reactivation and minimal photobleaching of Alexa Fluor 532 molecules. Alexa Fluor 532 was photoswitched using 532-nm laser excitation at \~2.2 kW/cm^2^. Typically, 15,000 images were recorded for each spectral channel.

Data analysis. {#s3.8}
--------------

SMLM data were analyzed with rapidSTORM v. 3.31 ([@B27]). Single-molecule signals were fitted using the Levenberg-Marquardt fitting routine based on a global threshold, keeping the full width at half maximum (FWHM) of the point spread function as a free-fitting parameter. Localizations were subsequently filtered according to their FWHM in *x* and *y* directions, and signals with widths between 220 nm and 540 nm and an FWHM ratio between 0.7 and 1.3 (symmetry filter) were maintained. A photon threshold of 150 photons (Alexa Fluor 532) or 200 photons (Alexa Fluor 647) was applied. Molecules that emitted over multiple frames were grouped into a single localization. Reconstructed images were processed in Fiji ([@B28]): a Gaussian filter with a sigma of 10 nm was applied, and brightness and contrast were adjusted for each channel for optimal visualization. Fiducial markers were used to correct for drift. Linear drift was quantified using fast-Fourier transformation (FFT) and subsequent correction in rapidSTORM. Nonlinear drift was corrected using custom-written software ([@B29]). The displacement between SseJ-HA and LAMP-1 channels was determined using the ImageJ plugin "2D Stitching" (100 peaks windowing) ([@B30]) and corrected in Fiji ([@B28]).

Determination of SseJ cluster spacings and SIF diameters. {#s3.9}
---------------------------------------------------------

For the analysis of SseJ cluster spacing in PFA-fixed samples, "pearls-on-a-string" structures were manually selected using the segmented line tool in Fiji (spline interpolation). Intensity profiles were generated using the plugin "Plot Profile" tool with a line width of 500 nm. For visualization, selections were linearized using the plugin "Straighten." Intensity profiles were fitted with a multicomponent Gaussian function using OriginPro 9.1 G (OriginLab). The spacing between two neighboring SseJ clusters was determined as the centroid distance of the Gaussian fits. SIF diameters were determined similarly, using intensity profiles of SIF cross sections with 0.4- to 1-μm width. A two-component Gaussian fit function was applied, yielding the SIF diameter as the Gaussian interpeak distance.

Structured-illumination microscopy. {#s3.10}
-----------------------------------

SIM imaging was performed on a W1 spinning-disk microscope (CSU-W1; Nikon, Japan) combined with the Live-SR system (Roper Scientific) and equipped with a Plan-Apo λ 100× oil objective (1.45 NA; Nikon, Japan). Excitation and band-pass filters were as follows: DAPI was imaged with a 405-nm laser and emission of 445/45 nm, Alexa Fluor 488 was imaged using 488-nm excitation and emission of 525/30 nm, and Alexa Fluor 568 was imaged using 561-nm excitation and emission of 617/73 nm. Three-dimensional (3D) image stacks of whole cells were acquired with a scalable complementary metal-oxide semiconductor (sCMOS) camera (Prime 95B; Photometrics, USA), using an image pixel size of 78.96 nm by 78.96 nm (1,200 by 1,200 pixels) and an 0.2-μm z-stack step size. The raw images were processed to superresolution images by using the Live-SR algorithm reported by York et al. ([@B21]).

Colocalization analysis. {#s3.11}
------------------------

Colocalization between SseJ-HA and kinesin was determined from dual-color SIM images using a variation of Manders' colocalization analysis ([@B22]) and Fiji ([@B28]). The maximum-intensity projections of both spectral channels were first converted into a binary image using Otsu's algorithm. Colocalizing pixels were identified by multiplying the binary images. In order to discriminate random overlap and true colocalization, one image channel (kinesin) was translated in *x*, *y* using a custom-written macro in Fiji. For each translation step, the M1 (kinesin colocalizing with SseJ) and M2 (SseJ colocalizing with kinesin) values of the two images were calculated. Colocalization maps were created using OriginPro 9.1G. One to 3 regions of interest (ROIs) per cell (*n* = 5 cells) were analyzed. The M1 value for each ROI was normalized (division by maximum value), followed by averaging of all M1 values. The heterogeneity of both *Salmonella* infection and SseJ secretion strongly influences the absolute values of the Manders coefficients. Normalization of colocalization maps was hence required prior to averaging to prevent masking of existing colocalization.
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